Human immunodeficiency virus type 1 (HIV-1) is the causative agent of AIDS. Synthesis and integration of the HIV-1 proviral DNA into the host cell genome are the result of four catalytic activities. The virally encoded reverse transcriptase (RT) contains polymerase and RNase H active sites (1, 15, 22) , whereas the integrase (IN) possesses 3Ј-end processing and strand transfer activities achieved by the same catalytic site (6, 18) . All four activities are essential for HIV-1 replication, but only the polymerase is currently targeted by FDA-approved inhibitors. Several drugs inhibiting the IN strand transfer activity have proceeded to clinical trials (10) .
Combinations of RT and protease inhibitors offer highly effective, durable treatment options (10) . However, the high incidence of resistance in therapy-experienced and newly infected patients underscores the need for new antiretroviral agents (11, 17, 32, 51) . Increasing the number of anti-AIDS drugs would also facilitate the management of their side effects (37) .
One strategy to minimize the emergence of drug resistance may be the design of compounds that would interact with amino acids or cofactors that are essential for catalysis. A common feature of the RT and IN catalytic activities is the requirement of a metal cofactor, which is most likely Mg 2ϩ in vivo. Two Mg 2ϩ ions separated by 3.57 Å have been observed in the polymerase active site of RT in complex with a primer/ template DNA duplex and an incoming nucleotide (27) . The three aspartate residues that bind Mg 2ϩ and the metal ions themselves are essential for DNA synthesis (28, 40) .
Divalent metal ions, such as Mg 2ϩ or Mn 2ϩ , are also essential for HIV-1 RNase H activity (7) , but the number of ions involved in the RNA cleavage reaction is still unclear. Two Mn 2ϩ ions separated by 4 Å and coordinated to D443, E478, D498, and D549 have been observed in the isolated HIV-1 RNase H domain (8) , whereas only one Mg 2ϩ ion, bound to D443 and D549, was seen in the RNase H domain of RT bound to a DNA duplex, in the presence of an incoming deoxynucleoside triphosphate (dNTP) (27) .
Similarly, IN activities require divalent metal ions (4, 30, 49) , but the number of metal ions involved in catalysis is still subject to debate (23) . Structural studies of IN revealed a single binding site for Mg 2ϩ and Mn 2ϩ (20, 35) , while two Cd 2ϩ or Zn 2ϩ ions separated by 3.6 to 3.7 Å were observed (4, 5, 49) . Indeed, it is believed that a second Mg 2ϩ ion is carried into the integrase active site by the substrate (31) .
In this study, we tested the possibility of inhibition of the RT polymerase, RNase H, and the IN 3Ј-end processing and transfer activities by compounds designed to target two Mg 2ϩ ions separated by ϳ3.7 Å. To this aim, we used 3,7-dihydroxytropolones ( Fig. 1) , which have been shown to inhibit inositol monophosphatase by binding the Mg 2ϩ ions of the catalytic site, thus preventing binding of the substrate (41, 42) . To our knowledge, this is the first time that this strategy has been used to inhibit the polymerase activity of HIV-1 RT, and there has been only one published rational attempt to simultaneously target two metal ions in the RNase H active site (29) . While this work was in progress, it became increasingly likely that several IN inhibitor families identified by "blind" or focused screening bind magnesium in the IN active site (12, 23, 39) . However, it is not completely clear whether these inhibitors bind one or two metal ions (19, 23) . Recently, a rationally designed IN inhibitor that can bind two Mg 2ϩ ions has been described (33) .
In this study, we showed that the RT polymerase and IN 3Ј processing and strand transfer activities were inhibited at submicromolar concentrations, while 3,7-dihydroxytropolones inhibited the RNase H activity in the low micromolar range. In all cases, the lack of inhibition by modified tropolones and O-methylated 3,7-dihydroxytropolones is consistent with the active molecules binding the metal ions in the active site. In line with this mechanism, inhibition of the RT polymerase by 3,7-dihydroxytropolones and acetylated derivatives was very sensitive to the magnesium concentration. Furthermore, selective inhibitors were identified for several of the activities tested. Even though all tested compounds were toxic to cells, the numerous possibilities for derivatization of the dihydroxytropolone core potentially offer the prospect for increase in selectivity and decrease in toxicity of these inhibitors.
MATERIALS AND METHODS
Oligodeoxyribonucleotides. The sequences of the oligodeoxyribonucleotides used in this study are as follows: for ODN, 5Ј-GTC CCT GTT CGG GCG  GGA-3Ј; ODN35, 5Ј-TTA GCC AGA GAG GCT CCC AGG CTC AGA TCT  GGT CT-3Ј; LE18, 5Ј-TAC GAA TTC TAA TAC GA CGA CTC ACT ATA  GGT CTC TCT GGT TAG ACC AGA TCT GAG C-3Ј; U5B, 5Ј-GTG TGG  AAA ATC TCT AGC AGT-3Ј; U5B-2, 5Ј-GTG TGG AAA ATC TCT AGC  A-3Ј; and U5A, 5Ј-ACT GCT AGA GAT TTT CCA CAC-3Ј. All oligodeoxyribonucleotides were purchased from Eurogentec (Belgium).
Templates, primers, and enzymes. RNA , encompassing nucleotides (nt) 1 to 311 of HIV genomic RNA (MAL isolate), was used as the template for the RT assays. It was synthesized by in vitro transcription and purified as previously described (36) .
The template used for the RNase H assays was obtained by PCR with two partially complementary oligodeoxyribonucleotides generating a doublestranded DNA containing the T7 RNA polymerase promoter upstream of the region coding for nucleotides 1 to 47 of HIV genomic RNA (RNA ) (HXB2 isolate). Ten amplification cycles (30 s at 94°C, 30 s at 38°C, and 30 s at 72°C) were performed with 100 pmol of primers ODN35 and LE18 and 4 U DyNAzyme. The PCR product was purified on a 3% low-melting-point agarose gel containing ethidium bromide. The band containing the transcription template was cut out under UV light and heated for 20 min at 50°C in the presence of phenol. The extracted DNA was ethanol precipitated and resuspended in water. RNA was in vitro transcribed and purified as described previously (36) . RNA (2 g ) was dephosphorylated with 2 U calf intestine phosphatase for 1 h at 37°C in 100 mM NaCl, 50 mM Tris-HCl (pH 7.9), 10 mM MgCl 2 , and 1 mM dithioerythritol. After a phenol-chloroform extraction, RNA 1-47 was ethanol precipitated and resuspended in water.
RNA and oligodeoxyribonucleotides ODN, U5B, and U5B-2 were 5Ј end labeled with [␥-
32 P]ATP (3,000 Ci/mmol) and phage T4 polynucleotide kinase. ODN and RNA were purified on 8% denaturing polyacrylamide gels; U5B and U5B-2 were purified with a MicroSpin G-25 column (Amersham Bioscience).
In order to form the primer/template complexes, RNA and ODN or RNA and ODN35 were first denatured in water for 2 min at 90°C and chilled on ice. Nucleic acids were annealed at 70°C for 20 min in 100 mM NaCl and cooled on ice for 30 min. To prepare the substrates for integrase, U5A was annealed to either U5B or U5B-2 in 100 mM NaCl by being heated at 80°C, followed by a slow cooling.
An RNA ladder was prepared by incubating RNA 1-47 (15,000 cpm) and 1 g Saccharomyces cerevisiae tRNA for 15 min at 90°C in 0.1 M NaHCO 3 -Na 2 CO 3 . The RNA 1-47 fragments were precipitated by addition of 0.2 M LiClO 4 , and the pellet was resuspended in water.
Plasmid expressing wild-type HIV-1 RT was kindly provided to us by Torsten Unge (Uppsala, Sweden), together with the protocols for protein overexpression and purification. RNase H Ϫ RT was obtained by introducing the E478Q mutation in this plasmid (44) . Wild-type IN was expressed and purified as described previously (30) .
The 3,7-dihydroxytropolones, mono-or disubstituted at positions 4 or 4,6 (referred to as the SP compounds [ Fig. 2 ]), were synthesized as previously described (41) . Stock solutions (20 mM) were prepared in dimethyl sulfoxide. We checked that this solvent did not affect any of the tested enzymatic activities at the maximum concentration used in this study.
RT assays. (i) Minus-strand "strong-stop" DNA synthesis. ODN/RNA 1-311 (primer/template) complex (10 nM) was preincubated at 37°C for 4 min with 30 nM HIV-1 RNase H Ϫ RT in 50 mM Tris-HCl (pH 8.3), 50 mM KCl, 6 mM MgCl 2 , and 1 mM dithioerythritol. Reverse transcription was initiated by addition of dNTPs (50 M each) in the presence or absence of SP compounds. Reactions were stopped at times ranging from 30 s to 30 min by addition of 1 volume of formamide containing 50 mM EDTA, and the reaction products were analyzed on 8% denaturing polyacrylamide gels. Radioactivity was quantified with a BioImager BAS 2000 (Fuji), using the MacBAS 2.5 (Fuji) software.
(ii) Polymerase-dependent RNase H cleavage. ODN35/RNA 1-47 complex (10 nM) was added to 10 nM wild-type HIV-1 RT in the presence or absence of SP compounds. RNase H assays were carried out for 15 s to 30 min, and reactions were stopped by mixing an equal volume of formamide containing 50 mM EDTA. Cleavage products were resolved using denaturing 15% polyacrylamide gels and analyzed as described above.
3-end processing and strand transfer for IN assays. Processing and strand transfer reactions were performed using 1.25 nM U5A/U5B and 6.25 nM U5A/ U5B-2 DNA/DNA complexes, respectively, in a buffer containing 20 mM HEPES (pH 7.2), 1 mM dithiothreitol, and 10 mM MgCl 2 or MnCl 2 . The reactions were initiated by addition of 100 nM IN, and the mixtures were incubated at 37°C for up to 1 h in the absence or presence of SP compounds. Reactions were stopped by phenol-chloroform extraction. The DNA products were precipitated with ethanol, resuspended in water, and separated on denaturing 16% polyacrylamide gels. Gels were analyzed with a STORM 840 PhosphorImager (Molecular Dynamics) and quantified with Image Quant software.
Inhibition of viral replication and cytotoxicity assays. The origin of viruses and the techniques used for measuring inhibition of virus replication have been previously described (43) . Briefly, with MT-4 cells, determination of antiviral activity of the SP compounds was based on a reduction of HIV-1 strain IIIBinduced cytopathogenicity, the metabolic activity of the cell being measured by the property of mitochondrial dehydrogenase to reduce yellow 3-(4,5-dimethyl-FIG. 1. Structure of 3,7-dihydroxytropolone and schematic drawing of its interaction with two Mg 2ϩ ions separated by 3.7 Å (modified from reference 42 with permission of the publisher).
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thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to blue formazan. For CEM-SS cells, the production of HIV-1 strain LAI was measured by quantification of the RT activity associated with the virus particles released in the culture supernatant (38) . Infected MT-4 and CEM-SS cells were cultured in the presence of different concentrations of SP compounds for 5 days before virus production determination. The 50% inhibitory concentration (IC 50 ) was derived from the computer-generated median effect plot of the dose/effect data. In parallel experiments, cytotoxicity of the SP compounds was measured by the MTT test with uninfected cells after a 5-day incubation. The 50% cytotoxic concentration (CC 50 ) is the concentration at which the optical density at 540 nm was reduced by 50%.
RESULTS
Polymerase activity. The effect of the SP compounds ( Fig. 2 ) on HIV-1 RT activity was tested with in vitro minus-strand "strong-stop" DNA synthesis. This DNA is the "runoff" reverse transcription product of a primer annealed to the primer binding site. In this study, we used a labeled 18-mer DNA primer and RNA , which corresponds to nt 1 to 311 of HIV-1 MAL genomic RNA, as the template. In order to avoid complications due to concomitant inhibition of RNase H by some of the SP compounds (see below), an RNase H Ϫ RT was used for this assay. Twenty molecules (Fig. 2 ) were tested at different concentrations, and minus-strand "strong-stop" DNA, which corresponds to a 178-nucleotide primer extension in the MAL isolate, was quantified after separation of the products by denaturing polyacrylamide gel electrophoresis. Figure 3 shows an example of gels obtained with the SP2 and SP12 compounds. In the absence of SP compounds, minusstrand "strong-stop" DNA synthesis was efficient. When adding SP2, minus-strand "strong-stop" DNA synthesis was already inhibited by Ͼ50% at 1 M, drastically reduced at 10 M, and undetectable at 100 M (Fig. 3) . These experiments revealed that inhibition of DNA synthesis was sequence independent. Synthesis of intermediate products was also inhibited, with the longer products disappearing first, at the expense of the shorter ones. At 100 M SP2, only very short products were synthesized, and the product pattern was reminiscent of distributive polymerization.
The IC 50 for each compound was determined by using the 30-min data set ( Table 1 ). The parental SP15 compound was not the best inhibitor of the polymerase activity. Four monosubstituted compounds, SP2, SP3, SP5, and SP46, inhibited minus-strand "strong-stop" DNA synthesis at low micromolar or submicromolar concentrations, indicating that some R1 groups favor interaction of 3,7-dihydroxytropolones with RT. The monosubstituted compounds were generally more potent inhibitors of minus-strand "strong-stop" DNA synthesis than the disubstituted compounds (Table 1) . Five pairs of monoand disubstituted compounds with identical substituents could be directly compared. In three pairs (SP47/SP7, SP4/SP8, and SP5/SP45), the monosubstituted compound was 20-to 60-fold more efficient than its disubstituted counterpart, while for the other pairs (SP46/SP9 and SP2/SP48) the difference was only two-to fivefold.
Several compounds were inactive or weakly active against the polymerase activity of HIV-1 RT. Notably, the C-7-modified tropolones (SP10 and SP11), which have only two adjacent oxygens on the seven-membered ring, had no activity at 1 mM, and the O-methylated 3,7-dihydroxytropolones (SP13 and SP14) were only weakly active. These results were in keeping with our hypothesis that hydroxytropolones might inhibit the polymerase activity by interfering with the Mg 2ϩ ions in the active site.
SP12 and SP20 inhibited minus-strand "strong-stop" DNA synthesis, even though they were less potent inhibitors than SP15 (Fig. 3 and Table 1 ). For instance, SP20 was 10-fold less efficient than the corresponding nonacetylated compound, SP15. As for SP2, a sequence-independent inhibition pattern was observed (Fig. 3) . Inhibition of the RT polymerase activity by SP12 and SP20 was unexpected, as the hydroxyl groups that are supposed to chelate the magnesium ions are acetylated in these compounds (Fig. 2) . The first pK a of SP15 is 6.7, and deprotonation of a hydroxyl group results in increased chelating potency (42) . Accordingly, acetylated hydroxytropolones were inactive against inositol monophosphatase (41, 42) . Thus, our results raised the possibility that some or all SP compounds inhibit the RT polymerase activity by an unpredicted mechanism.
To address this question and to gain insight into the role of Mg 2ϩ chelation in the inhibition process, we studied the inhibition of minus-strand "strong-stop" DNA synthesis by SP12 and SP15 at two different magnesium concentrations (Fig. 4) . At 6 mM Mg 2ϩ , the IC 50 of SP15 was 3.2 M, while SP12 was about twofold less active (IC 50 of 7.6 M). Interestingly, inhibition potency of these compounds dramatically decreased at low magnesium concentration: at 0.3 mM Mg 2ϩ , the IC 50 of SP15 was 19 Ϯ 1 M, while inhibition of minus-strand "strongstop" DNA synthesis by SP12 was hardly detectable (Fig. 4) . These results suggest that the SP compounds can bind the RT polymerase active site only in the presence of Mg 2ϩ ions, in agreement with an inhibition mechanism involving chelation of the catalytic ions.
RNase H activity. Two modes of RNase H cleavage have been described: a polymerase-dependent cleavage (21), directed by the 3Ј end of the DNA strand, and a polymeraseindependent mechanism guided by the 5Ј end of the RNA template (48) . The first mode of cleavage is thought to occur in concert with DNA polymerization to degrade the genomic RNA during minus-strand DNA synthesis, while the second (Fig. 5a) . The RNase H active site is positioned approximately 17 nt from the polymerase active site, and its position from the 3Ј end of the DNA determines the position of the primary cleavage. RT then repositions and makes a secondary cleavage 7 to 9 nt from the recessed 3Ј end of the DNA (Fig. 5a ). We tested this mode of cleavage using RNA as viral RNA and ODN35 as DNA.
As shown in Fig. 5b , both the primary (RNA 29 ) and the secondary (RNA 21 ) cleavage products accumulated over time in the absence of SP compounds. In addition, weaker primary cuts generated fragments 28 and 32 nt in length (Fig. 5b) . However, all degradation products progressively disappeared as the SP9 concentration was increased. Formation of the two major products was slightly slower at 1 M, strongly inhibited at 10 M, and undetectable at 100 M (Fig. 5b) . Interestingly, the two cleavages were inhibited with the same efficiency. The Table 1 . The best inhibitors of RNase H were the monosubstituted 3,7-dihydroxytropolone SP47 and the disubstituted compound SP9. When comparing mono-and disubstituted 3,7-dihydroxytropolones with identical substituents, the monosubstituted compounds were 3.3-to 50-fold-more-potent RNase H inhibitors, with the exception of the SP46/SP9 pair, in which the disubstituted compound was slightly more active. In addition, all SP compounds were more potent against polymerase than against RNase H activity, except SP47 and SP7, suggesting that the meta-nitrophenyl group may form specific interactions in the RNase H active site. Several molecules had a rather good specificity for the polymerase activity: SP2, SP3, SP4, and SP46 were at least 20-fold more efficient against polymerase than against RNase H (Table 1) . Interestingly, these compounds are all monosubstituted 3,7-dihydroxytropolones. By contrast, none of the tested compounds displayed a high specificity for the RNase H activity, and only SP47 and SP9 were significantly more efficient than the parent compound.
The C-7-modified tropolones SP10 and SP11 and the methylated 3,7-dihydroxytropolones SP13 and SP14, which did not significantly inhibit the RT polymerase activity, displayed little or no activity against RNase H at 1 mM. Interestingly, the acetylated dihydroxytropolones SP12 and SP20, which were moderate polymerase inhibitors, were weaker RNase H inhibitors (Table 1 ). In view of the results obtained previously with inositol monophosphatase (41, 42) , these data suggest that hydroxytropolones inhibit the RT RNase H activity by binding the Mg 2ϩ ions in the active site. Integrase activities. The structures of the HIV-1 RNase H domain and the IN core present strong similitude, and their enzymatic mechanisms are probably also closely related (16, 50) . Thus, it was interesting to test the effects of the SP compounds on the 3Ј processing and strand transfer activities of HIV-1 IN. To this end, we constructed a DNA duplex corresponding to the U5 region of the 3Ј long terminal repeat of the proviral DNA (Fig. 6a) . Both reactions consist in a nucleophilic attack of a phosphodiester bond by a hydroxyl group and require either Mg 2ϩ or Mn 2ϩ as a cofactor. During the processing reaction, the enzyme removes two 3Ј nucleotides at each terminus of the proviral DNA, resulting in overhanging (Fig. 6a) . In the following strand transfer reaction, the 3Ј processed end performs a nucleophilic attack on a phosphodiester bond of the target DNA (6) . In the in vitro assay with purified IN, the preprocessed 3Ј end is randomly integrated in the target duplex (Fig. 6a) . 3-end processing. Figure 6b shows the results of 3Ј-end processing inhibition by SP2, SP9, and SP15. Processing of the 21-mer duplex liberates the 3Ј-terminal dinucleotide GT and the processed U5B oligonucleotide (U5B-2). IN activity was assayed in the presence of increasing SP concentrations. As shown by 15% polyacrylamide gel autoradiography, the addition of increasing concentrations of SP2, SP9, and SP15 led to significant inhibition of 3Ј-end processing (Fig. 6b) , yielding IC 50 values of 13 M, 3.1 M, and 40 M, respectively. The IC 50 values for inhibition of the 3Ј-end processing are summarized in Table 1 .
There was no clear-cut difference between mono-and disubstituted 3,7-dihydroxytropolones regarding the 3Ј-end processing activity. Two monosubstituted (SP47 and SP46) and one disubstituted (SP45) compound inhibited 3Ј-end processing at submicromolar concentrations. However, all disubstituted 3,7-dihydroxytropolones had IC 50 s lower than 10 M, while the IC 50 s of most monosubstituted SP compounds were greater than 10 M ( Table 1 ). The methylated dihydroxytropolones SP13 and SP14 and the C-7-modified tropolone SP10 were completely inactive, whereas SP11 displayed a very low activity. The acetylated compound SP12 was a rather poor inhibitor (IC 50 of 90 M) of the 3Ј processing activity, while SP20 was totally inactive.
In vitro, IN can use either Mg 2ϩ or Mn 2ϩ ions as a cofactor, even though Mg 2ϩ is most likely the cation of biological relevance. Thus, we compared the levels of inhibition of 3Ј-end processing by two mono-and two disubstituted SP compounds in buffers containing 10 mM of either MgCl 2 or MnCl 2 . In all cases, the SP compounds were 2-to 2.6-fold more potent with Mn 2ϩ than with Mg 2ϩ (Table 1) . Strand transfer. The inhibitory effect of SP compounds on the strand transfer reaction was assayed using a preprocessed duplex (U5B-2/U5A) as the IN substrate. Monosubstituted SP47 and SP46 and disubstituted SP45 and SP9 were potent inhibitors of the strand transfer reaction (IC 50 of Ͻ2 M) (Fig.  6c and Table 1 ). Mono-and disubstituted 3,7-dihydroxytropolones with identical substituents had similar IC 50 s, with the exception of the SP4/SP8 pair, in which the monosubstituted SP4 compound was poorly active (Table 1) . SP4 was an exception, as all other 3,7-dihydroxytropolones with free hydroxyl groups had IC 50 s smaller than 20 M. On the other hand, the C-7-modified tropolones (SP10 and SP11) and the methylated 3,7-dihydroxytropolones (SP13 and SP14) did not inhibit strand transfer (Table 1 ). The acetylated SP12 was sixfold less active than the parent compound, SP15.
Biochemical data and modeling indicated that the IN active site adopts different conformations during the two catalytic steps of the integration process (6, 18) and that it is possible to find step-specific IN inhibitors (12, 25) . Interestingly, our data showed that SP1 is a rather good inhibitor of the transfer step (IC 50 of 17 M) but a very poor inhibitor of 3Ј-end processing (Table 1) . Conversely, SP45 preferentially inhibited the 3Ј-end processing step, indicating that substituted 3,7-dihydroxytropolones can be selective inhibitors of the 3Ј-end processing or of the transfer reaction. Nevertheless, most of the SP compounds were equally efficient with both IN activities (SP5, SP7, SP8, SP9, SP12, SP46, SP47, and SP48).
Cytotoxicity assays and inhibition of viral replication. The inhibitory and cytotoxic effects of SP molecules were studied with human lymphoblastoid CEM-SS and MT-4 cells infected with HIV-1 LAI and HIV-1 IIIB strains, respectively. In the HIV-1 IIIB/MT-4 cell culture assay, SP compounds were toxic in the micromolar-concentration range, displaying CC 50 values from 3 to 30 M (Table 2) . In this assay, no SP compound displayed antiviral activity at concentrations below its CC 50 (IC 50 Ͼ CC 50 ). As a control, zidovudine was active in the low nanomolar range, without significant cytotoxicity (Table 2 ).
In the HIV-1 LAI/CEM-SS cell culture system, the CC 50 values of the SP compounds were slightly lower than with the MT-4 cells and ranged from 3 to 43 M. In addition, in this cell line, SP compounds inhibited replication of HIV-1 LAI with IC 50 s ranging from 0.3 to 40 M. However, for most compounds the IC 50 was only two-to threefold lower than the CC 50 (Table 2) . Thus, we cannot exclude that the antiviral effects we observed were indeed a direct consequence of the cytotoxicity of the SP compounds. For instance, the inhibition of HIV LAI replication by SP10 (IC 50 of 40 M) was likely due to its toxicity (CC 50 ), since this C-7-modified tropolone was inactive against all RT and IN enzymatic activities. However, it remains possible that some of the SP compounds have a real antiviral activity, especially SP15 and SP3, which have IC 50 values 30-and 3.7-fold lower, respectively, than their CC 50 s.
DISCUSSION
The high incidence of resistance in therapy-experienced and newly infected patients and the adverse effects of the existing treatments underscore the need for new HIV-1 inhibitors (11, 17, 32, 51) . The RT polymerase and RNase H activities as well as the IN 3Ј-end processing and strand transfer activities all require divalent cations and are essential for viral replication. While several inhibitors of RT polymerase activity are in the clinic and inhibitors of IN strand transfer activity have been tested in clinical trials (9) , RNase H and 3Ј-end processing inhibitors are only at the earlier steps of the drug discovery pipeline. In this study, we tested the inhibitory properties of 3,7-dihydroxytropolones on four enzymatic activities. Our choice was motivated by the observation that these compounds inhibit inositol monophosphatase by binding the two Mg 2ϩ ions in the catalytic site (41, 42) . Two Mg 2ϩ ions separated by 3.57 Å are present in the polymerase active site of RT in complex with a primer/template DNA duplex and an incoming nucleotide (27) , and a pair of metal ions has also been observed in some crystal structures of the RNase H domain (8) and IN (4, 5, 49) .
Inhibitors, including some with marked specificity, were identified for each of the four enzymatic activities tested. Interestingly, the parental compound, SP15, was never the best inhibitor, indicating that the efficiency of 3,7-dihydroxytropolones can be improved by aromatic groups at positions 4 and/or 6 of the tropolone ring. Some of the 3,7-dihydroxytropolones we tested inhibited the RT polymerase and the IN 3Ј-end processing and strand transfer activities at submicromolar concentrations, while these compounds were generally less potent against RNase H. To our knowledge, this is the first rational attempt to inhibit HIV-1 RT by simultaneously binding the two catalytic ions. ␣,␥-Diketo acids (47) and dihydroxypyrimidinecarboxylic acid (46) were recently shown to inhibit the RNA-dependent RNA polymerase from hepatitis C virus, but whether these compounds interact with one or both metal ions in the polymerase active site is not clear. (45) . Interestingly, both BBNH and the thiophene diketo acid potentially inhibit RNase H activity by chelating one metal ion in this active site. Finally, a paper submitted at the same time as this paper showed that ␤-thujaplicinol, a natural monohydroxytropolone derivative, strongly inhibits HIV-1 and HIV-2 RNase H, while it is a weak inhibitor of Escherichia coli and human RNase H (3). This result further stresses the potential of hydroxytropolones as HIV inhibitors.
Several of the 3,7-dihydroxytropolones we tested were potent inhibitors of the 3Ј-end processing and strand transfer activities of HIV-1 IN (IC 50 of Ͻ2 M). By comparison, diketo acids inhibit IN at submicromolar concentrations (25) , and styrylquinoline derivatives have IC 50 values between 0.5 and 5 M (12). However, while diketo acids preferentially inhibit strand transfer, most of the tested 3,7-dihydroxytropolones equally inhibited the two IN activities, with the noticeable exception of SP1, which selectively inhibits strand transfer, and SP45, which preferentially inhibits 3Ј-end processing.
While some of the 3,7-dihydroxytropolones preferentially inhibited one of the four enzymatic activities, some had little or no specificity (e.g., SP6, SP9, and SP47). It seems, however, unlikely that these compounds inhibit RT and IN by binding to their nucleic acid substrates. Indeed, 3,7-dihydroxytropolones are negatively charged at physiological pH (ϳ1.5 net negative charge at pH 7), and the uncharged O-methylated 3,7-dihydroxytropolones, which are more likely to bind nucleic acids, are completely inactive. In addition, by using surface plasmon resonance, Budihas et al. (3) showed that natural tropolone derivatives do not bind nucleic acids. In line with these results, we found no evidence of 3,7-dihydroxytropolone binding to DNA/DNA and RNA/DNA duplexes by band-shift and fluorescence competition assays (J. Didierjean et al., unpublished data).
The data presented here suggest that 3,7-dihydroxytropolones inhibit DNA polymerase, RNase H, and IN activities by chelating the Mg 2ϩ ions of these active sites, even though more detailed studies will be required to prove this point. The fact that the C-7-modified tropolones (SP10 and SP11) and the O-methylated 3,7-dihydroxytropolones (SP13 and SP14) were inactive against these four enzymatic activities suggests that the inhibitors simultaneously bind two metal ions. Acetylated dihydroxytropolones have lower affinity for Mg 2ϩ than do their unmodified counterparts (42) . Accordingly, acetylated compounds (SP12 and SP20) had no or limited activity against RNase H and IN activities and were also inactive against inositol monophosphatase (41, 42) . These compounds were fairly active against the RT polymerase activity, but SP20 was 10-fold less active than the corresponding parent compound (SP15). In the RNase H site, the 4-Å distance between the metal ions (8) is not ideal for interaction with tropolones, in contrast with the polymerase active site (27) . Therefore, acetylated dihydroxytropolones might be able to interact with the metal ions only in the polymerase active site. Alternatively, only one Mg 2ϩ ion might be present in the RNase H site (27) , preventing binding of the weaker ligands.
Inhibition of DNA synthesis by acetylated and unmodified 3,7-dihydroxytropolones (SP12 and SP15) was dramatically reduced at low Mg 2ϩ concentrations, in keeping with the chelation mechanism. We propose that binding of Mg 2ϩ in the catalytic site is required to bind 3,7-dihydroxytropolones and that these compounds compete with one or several oxygens of the catalytic amino acid side chains for Mg 2ϩ chelation. Thus, 3,7-dihydroxytropolones should be more efficient at high (saturating) Mg 2ϩ concentrations. Crystallographic studies showed that binding of two Mg 2ϩ ions in the polymerase site requires binding of the incoming dNTP (14, 27) . One ion is bound to the ␤ and ␥ phosphates of dNTP and enters with it in the catalytic site; its K D is about 0.1 mM. The second ion is bound in a subsequent step, and recent studies showed that its K D is in the millimolar range (13) . Thus, high-millimolar Mg 2ϩ concentrations are required to saturate the polymerase active site and to reach maximal inhibition by 3,7-dihydroxytropolones.
When we compared levels of inhibition of the IN 3Ј-end processing activity between MgCl 2 and MnCl 2 , we observed that the SP compounds were slightly more efficient in the presence of Mn 2ϩ . At first sight, one could expect strongly decreased inhibition with MnCl 2 , as the oxygen atoms and hence 3,7-dihydroxytropolones have much weaker affinity for Mn 2ϩ than for Mg 2ϩ . However, as mentioned above, we think there is competition between 3,7-dihydroxytropolones and the side chains of the catalytic amino acids of IN (D64, D116, and E152) for binding of the metal ions. As these amino acids and the SP inhibitors both bind the metal ions via oxygen atoms, they should bind (23) . Obviously, even though our results suggest that SP compounds inhibit HIV-1 RT and IN by chelation of the metal ions in their catalytic sites, additional studies will be required to demonstrate this mechanism.
Whereas the tests with purified enzymes showed that 3,7-dihydroxytropolones have interesting potential as HIV-1 inhibitors, cell-based assays indicated that their cytotoxicity represents a major challenge. This toxicity is most likely due to the inhibition of cellular bimetallic enzymes. Given the number of enzymes that use metal ions for catalysis, it could be argued that it will be impossible to find 3,7-dihydroxytropolones that specifically inhibit HIV-1 enzymes. In this respect, the diketo acid derivatives constitute an interesting example. These compounds were first identified by high-throughput screening for IN inhibitors (25) . Some of these compounds block HIV-1 replication by specifically inhibiting the IN strand transfer activity and exhibit low toxicity (24) (25) (26) , even though they act by binding one of the metal ions in the catalytic site (23) and could potentially interfere with a number of cellular enzymes. Recently, other members of the diketo acid family have been shown to specifically inhibit HIV-1 RNase H (45) and hepatitis C virus RNA polymerase (47) . These examples show that inhibitors that interfere with metal ions in the enzyme catalytic sites can be specific. Along these lines, 3,7-dihydroxytropolone constitutes a very interesting platform allowing a number of very different derivatives to be synthesized. In addition, modeling and structural studies of the enzyme/3,7-dihydroxytropolone complexes should allow rational design of more-potent inhibitors that might also be more specific.
